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I. INTRODUCTION
URFACE plasmon polaritons (SPPs), propagating along metal-dielectric interfaces excitations that arise from the coupling of light with collective oscillations of free electrons, have attracted a great deal of attention in the research areas of physics, chemistry, biology, and material science due to their unique properties, notably, ultimate (below the diffraction limit) field confinement along with its significant enhancement [1] - [4] . In low-frequency regions where natural SPPs don't exist, spoof SPPs on nanostructured metals can also find numerous exciting applications [5] - [8] . Despite all the progress and developments in SPP applications, efficient and unidirectional SPP excitation remains one of the most challenging issues because of the inherent momentum mismatch between the propagating waves (PWs) and surface waves (SWs), which forbids the direct coupling between them. Typically, prisms and gratings are used to excite SPPs in a predesigned direction. However, the conventional approaches are rather limited in controlling the directions of generated SPPs since the efficient SPP excitation requires accurate phase This work was supported in part by the European Research Council, Grant 341054 (PLAQNAP) and the University of Southern Denmark (SDU 2020).
Fei Ding and Sergey I. Bozhevolnyi are with SDU Nano Optics, University of Southern Denmark (e-mail: feid@mci.sdu.dk). matching and incident beam positioning, strict requirements that inevitably limit practical applications [1] , [9] . Worse still, prisms are too bulky and not suitable for coupling light to compact plasmonic devices. In this regard, compact SPP couplers that can efficiently and unidirectionally excite SPPs from normally incident PWs are highly desirable in photonic and plasmonic integration.
Recently, gradient metasurfaces, i.e., planar artificial surfaces made up of properly arranged resonant subwavelength elements that enable arbitrary control over the electromagnetic (EM) waves, have attracted the progressively increasing attention, becoming a rapidly growing field of research that provides promising solutions for low-cost, ultra-compact and high-performance EM devices [10] - [22] . Distinct from conventional EM devices that modulate the EM wave via gradually accumulated phase changes during wave propagation, gradient metasurfaces can engineer the amplitude, phase, and polarization locally by directly modifying the boundary conditions. As such, gradient metasurfaces can mimic bulk EM devices, and numerous flat functional components have been accordingly demonstrated, such as beam steerers [10] , [23] - [27] , metalenses [28] - [36] , holograms [37] - [43] , waveplates [44] - [48] , and polarimeters [49] - [55] .
In addition to manipulating PWs in free space, gradient metasurfaces also show unprecedented capabilities of unidirectionally coupling SWs from PWs. In this paper, we review the recent achievements in a specific branch of gradient metasurface-based applicationsunidirectional SPP metacouplers. The rest of this paper is organized in the following sections. In Section II, we first explain the basic concept of generalized Snell's law and then introduce the configurations suitable for realization of unidirectional SPP metacouplers.
Section III is concentrated on polarization-controlled tunable SPP metacouplers. In Section IV, we describe metacouplers that can operate for other (than the unidirectional SPP excitation) functionalities. Finally, we summarize and provide perspective for future developments in Section V. In passing, we would like to mention that this review mainly focuses on the unidirectional SPP metacouplers based on gradient metasurfaces. Thus we don't discuss some nice demonstrations of unidirectional SPP couplers that rely on slits and/or integrated asymmetric grooves [56] - [58] , aperiodic grooves or antennas with optimized dimensions [59] - [62] . Additionally, we don't involve some nice demonstrations of unidirectional SPP emission using a single emitter, which is also very promising for integrated photonics [63] - [65] . 
A. Phase Discontinuities and Generalized Snell's Law
When a plane EM wave encounters a planar interface between different homogeneous media, reflection and refraction will take place simultaneously, and the directions of reflected/transmitted beams are determined by Snell's law based on the boundary condition of the EM theory. However, if phase discontinuity is introduced at the interface by properly-arranged subwavelength resonant antennas that form a gradient metasurface, the reflections and refractions will be different since the boundary condition is modified, thereby creating the so-called generalized Snell's law [10] , [24] . Fig. 1 schematically illustrates the three-dimensional (3D) system used to derive the generalized Snell's law of reflection and refraction, where a phase gradient Φ is introduced along the interface. Base on Fermat's principle, the generalized Snell's law in this 3D case can be written as [10] , [24] :
where and are the refractive indexes of two media, Φ and Φ are the x-and y-component of the phase gradients, 0 is the wavelength in free space, and , and are the incident, reflected, and refracted angles respectively. From equations (1)-(2), one may notice that the reflected and refracted beams can have arbitrary directions in the 3D space given a suitable phase gradient is provided. When the phase gradient perpendicular to the incident plane equals to zero, namely, Φ = 0 , this 3D situation becomes two-dimensional (2D).
Therefore, equations (1)-(2) can be written as sin( ) − sin( ) = 0 2 Φ .
sin( ) − sin( ) = 0 2 Φ . (4) As a consequence, the relation between and becomes nonlinear, distinct from the conventional case that and are identical. Importantly, there is always a critical incident angle of = sin −1 (1 − 1 0 2 | Φ |), above which the reflected light becomes evanescent. In this regard, when the phase gradient Φ of a certain metasurface is large than free-space wavevector, the wave "reflected" by the metasurface is a SW instead of a PW, which forms the basic theory of gradient metasurface-based SPP coupler. Additionally, since the phase gradient provide by metasurfaces is usually unidirectional, asymmetric SPP excitation can be easily achieved at normal incidence.
B. Unidirectional SPP Metacouplers
As discussed previously, the anomalous reflection disappears and directional SWs will be driven along the gradient metasurface when the parallel phase gradient is larger than the wavevector in free space. In 2012, Zhou and co-workers first proposed a metacoupler that enables coupling a free-space PW into a SW with nearly 100% efficiency [66] . In the design, metal-insulator-metal (MIM) meta-atoms were used to realize 2π phase span for reflected field, thereby forming various metasurfaces with different phase gradients [ Fig. 2(a) ]. When the phase gradient is larger than the free-space wavevector, symmetric coupling between PWs and SWs occurs, and consequently the far-field reflection vanishes, as shown in Fig. 2 (b). Since the metasurface is spatially inhomogeneous, no eigen guided mode is support. Therefore the generated SW on the metasurface is not an eigen SPP mode. In order to guide the SWs out, the authors placed a properly-designed mushroom metasurface which supports the eigen-SPP-like mode at the side of the gradient metacoupler. Based on the near-field scanning technique, the near-field pattern of the generated SWs was mapped out, indicating the unidirectional SPP excitation [see Fig. 2 (c) and 2(d)]. Importantly, this nearly perfect PW-SW conversion can be achieved at any angle larger than the critical angle as the momentum mismatch between PWs and SWs is compensated by the reflection phase gradient, which is different from the prisms or gratings couplers relying on resonant critical coupling [1] . However, it should be mentioned that the claimed perfect PW-SW conversion is limited to ideal gradient metasurface and the side-coupling configuration only works well for excitation light with small beam size [67] . The conversion efficiency decreases significantly when the size of incident beam is increased, which is ascribed to the significant scattering caused by inter-supercell discontinuities. In this regard, the gradient metasurface constructing the metacoupler should be purposely designed and optimized.
Here it should be noted that this metacoupler approach can be extended to unidirectionally couple waveguide modes from free-space incident light [68] , [69] .
C. Novel Highly-efficient Unidirectional SPP Metacoupler
In order to solve the issue of degraded coupling efficiency due to decoupling of SPPs back to PWs by the non-negligible scattering within the inhomogeneous metacoupler and at the side-boundary between the metacoupler and the plasmonic interface supporting eigen SPP mode, a new configuration of unidirectional SPP excitation has been proposed and experimentally demonstrated by Sun et al. recently, which is composed of a transparent gradient metasurface placed on top a plasmonic interface with an optimized distance [70] . Fig. 3 (a) illustrates the working principle: when the incident light impinges on the top surface of the metacoupler, the incident light is first converted into a driven SW on the gradient metasurface without any reflection, and then the SW tunnels down and transfers its energy to the eigen SW mode of the bottom plasmonic metal (i.e., spoof SPPs in microwave range). As such, the surface reflections and the decoupling of SWs back to PWs are greatly suppressed, thereby resulting in high-efficiency SPP conversion. As shown in Fig. 3(b) , when the distance between the topmost transparent metasurface and the bottom plasmonic metal is optimized at a particular value where the two competing process of excitation and scattering are balanced, the numerically calculated SPP coupling efficiency reaches as high as 94%. To validate the design, a proof-of-concept metacoupler in the microwave regime was designed and fabricated, which consists of multilayered sandwich structures with the transmission amplitude of nearly 100% and the transmission phase covering the entire 2π range.
In the microwave experiment, the fabricated metacoupler was placed at an optimized distance of d c = 10 mm above the plasmonic metal composed of mushroom structure that supports the spoof SPPs [ Fig. 3(c) ]. After both the near-field and far-field characterizations, the spoof SPP coupling efficiency was found to be around 73%, which is much higher than those of all other available devices operating in this frequency domain [see Fig. 3 (d) and 3(e)].
III. POLARIZATION-CONTROLLED TUNABLE SPP METACOUPLERS
The SPP metacouplers that have been discussed above are all about coupling PWs to SWs in a predefined direction. In this regard, the direction of generated SPPs is fixed and cannot be switched, which is not compatible with the requirements of tunability and reconfigurability in modern plasmonic circuits and systems. Therefore, the subject of polarization-controlled SPP excitation has become a new frontier of metasurface research recently. In this section, we will review some of the research progress in polarization-controlled SPP metacouplers.
A. Spin-controlled Tunable SPP Metacouplers
To start with, we first show some examples of spin-controlled SPP metacouplers based on properly-arranged nanoapertures in an opaque metal film, in which the SPP excitation direction can be controlled by the spin of the incident circular-polarized (CP) light [71] - [74] . Fig. 4 (a) displays the proposed spin-controlled tunable directional SPP coupler by Capasso and co-workers, which is composed of periodic elongated rectangular apertures in metal film [71] . When the light is incident on a subwavelength aperture with the electric field polarized perpendicular to the narrow aperture, SPPs are generated and transmitted through the apertures to the other side of the metal film and the SPP emission pattern is approximately that of an in-plane dipole [75] . Thus, by arranging such apertures in a column with a subwavelength distance smaller than the SPP wavelength, SPP plane waves are formed and then propagating perpendicularly away toward either side of the column, which is independent of the orientation of the apertures within the column. Based on such SPP plane waves, complicated polarization response can be realized through the interferences of the SPP waves generated by multiple columns with certain orientations. Therefore, spin-dependent SPP excitation can be achieved by positioning two columns in a spacing that equals to a quarter of the SPP wavelength and orienting the corresponding apertures in each column at 90 with respect to each other [ Fig. 4(a) ]. Consequently, the interference of SPP plane waves becomes dependent on the incident spin instead of the linear-polarization, resulting in spin-controlled tunable directional SPP coupling. In the experiment, 10 column pairs were fabricated using focused ion beam (FIB) milling to increase the coupling efficiency of SPP excitation though one column pair can work properly in principle [ Fig. 4(b) ]. Fig. 4(c) shows the near-field scanning optical microscopy (NSOM) images of the device under illumination with different polarization states at λ = 633 nm, indicating the spin-selective excitation of SPP waves. For example, the right CP (RCP) light mainly generates right-propagating SPP beam while the SPPs to the left side are greatly suppressed. Once the incident light is switched to left CP (LCP), most of the SPP waves are routed to the left side. On the contrary, the linearly-polarized light will create SPPs with equal intensities towards either side of the metacoupler. Following this concept, polarization-selective coupling from an optical fiber to long-range SPP waveguide modes was demonstrated by using plasmonic antenna arrays embedded in polymer cladding, which allows for the sorting of two distinct polarizations to counter-propagating SPP waveguide modes [76] .
In the previous examples, the spin-controlled tunable SPP excitation is achieved by the interference between neighboring subwavelength apertures [71] or within the designed aperture [74] . An alternative approach to realizing spin-controlled SPP excitation is to use the so-called Pancharatnam-Berry (PB) or geometric phase metasurface, which provides a spin-sensitive phase gradient with opposite sign when the metasurface is illuminated with different CP light [77] - [81] . Based on PB-phase, spin-controlled tunable SPP metacouplers have been proposed based on arrays of apertures [82] - [85] . In 2013, Zhang and co-workers demonstrated a compact spin-dependent directional SPP metacoupler to selectively excite SPPs along opposite directions at normal incidence in the near-infrared range [see Fig. 5 (a)] [82] . In the design, both the spin-sensitive phase gradient 2σΔϕ ∕ s provided by the rotated apertures and the reciprocal vector of lattice 2mπ ∕ s are utilized to compensate the SPP wavevector k SPP , where σ is the incident spin, Δϕ is the step of rotation angle between neighboring apertures, s is the period of the apertures, and m is a integer representing the order. Thus, unidirectional SPPs can only be generated when the conditional of phase (or momentum) matching is fulfilled: k SPP = 2σΔϕ ∕ s + 2mπ ∕ s, thereby resulting in asymmetric matching when different spin σ is involved. From Fig. 5(b) , one can see that the phase matching condition is shifted to a higher frequency of ω 1 and the SPPs will propagate along the +x-direction when σ = +1. Once the spin σ is switched to −1, the phase matching condition is still met at ω 1 while the direction of excited SPPs will become opposite to the −x-direction. Similarly, spin-controlled tunable SPP excitation can be achieved at a lower frequency of ω 3 . As shown in Fig.  5(c) , the propagating direction of the generated SPPs can be switched to the opposite sides when the incident spin is altered at the design wavelengths of λ = 780 and 1020 nm. However, the SPPs have equal intensity at λ = 870 nm regardless of the incident spin, which is ascribed to the fact that the phase matching is realized by the reciprocal vector of lattice in the first-order instead of the PB-phase possessing spin-dependent sign. Once this one-dimensional (1D) lattice is extended to complicated 2D lattices, such as inverse asymmetric 2D Kagome lattice, spin-controlled SPP launching can be realized in multiple directions [85] .
In the above aperture-based configuration, the coupling efficiency of SPP excitation is relatively low as most of the incident light transmits directly through the apertures and thus be wasted. To increase the efficiency, gap-surface plasmon (GSP) PB-phase metasurfaces have been proposed to demonstrate spin-controlled SPP excitation [20] , [86] . For example, a polarization-tunable SPP coupler based on GSP PB-phase metasurface has been demonstrated, where the phase matching was fulfilled by combining the spin-controlled PB-phase and reciprocal vector of lattice [86] . Specifically, the metacoupler is composed of arrays of gold brick-shaped nanoantennas with a local phase discontinuity on top of a continuous gold film separated by a dielectric space [ Fig. 5(d) ]. Fig. 5 (e) displays the recorded images scattered by two out-coupling grating milled on the sample surface for three different incident polarization states, manifesting the polarization-selective SPP excitation. Once the polarization state of incident light is continuously tuned by rotating the quarter-wave plate, the integrated intensity from two gratings varies correspondingly, as shown in Fig. 5(f) . For the circular polarizations, unidirectional SPP excitation is observed while > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5 the other polarization states allow for arbitrary tuning the amplitudes of the two counter-propagating SPPs. Here the calculated excitation efficiency of SPPs reaches nearly 4% at λ = 800 nm, which is still far from satisfactory.
Although the aforementioned PB-phase metasurfaces can realize direction-controlled SPP excitation, such approach suffers from low-efficiency due to several issues. First, the specular reflection from the PB-phase coupler is always there and cannot be eliminated, thus wasting a large portion of the incident energy. Second, there are polarization mismatch between the excitation source and the SPP modes supported in the infinite dielectric-metal interface since the incident CP light has both TE and TM components while the SPP mode is TM-polarized, thereby inducing significant scattering and subsequently decreasing the coupling efficiency. Additionally, the SPP mode generated in the metacoupler is slightly different from the eigenmode supported in the plasmonic structure, which causes non-negligible scattering at the boundary. Very recently, a new method of SPP coupling has been proposed and demonstrated to achieve highly-efficient spin-controlled SPP excitation in the microwave, which have solved all the aforementioned issues, shown in Fig. 6(a) [87] . In this approach, the PB-phase metasurface is carefully designed to couple incident CP wave into a driven SW with the efficiency reaching as high as 100%, which only uses PB-phase to match the wavevector of SWs, different from previous studies. In particular, the meta-atoms constructing the metasurface behave as high-efficiency half-wave plates operating in reflection geometry, thus ensuring near 100% efficiency to convert a CP PW to a SW. Moreover, the air-metal interface is properly designed to support both TM and TE-polarization-like spoof SPPs. From the simulation results shown in Fig. 6(b) , one can clearly observe the spin-controlled SPP excitation, where the metacoupler is illuminated by a CP Gaussian beam at normal incidence. The E x and E y field distributions validate the excitation and propagation of TE-and TM-polarized spoof SPPs, respectively. Regarding the microwave experiments, near-field characterization was first conducted by near-field > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6 scanning technique, in which two small antennas were adopted to probe the E z and H z components of the local fields, manifesting clearly the generation of both TE-and TMpolarized driven SWs on the PB-phase metasurface [ Fig. 6(c) ]. Compared to the simulated results, the experimental results show perfect agreement. After integration and calculation, the SPP excitation efficiency is found as high as 78% and can be even further improved to 92% with an optimized condition [ Fig. 6(d) ]. Importantly, the direction of excited SWs can be switched by changing the helicity of the incident CP wave.
B. Linear-polarization-controlled Tunable SPP Metacoupler
In addition to spin-controlled tunable SPP excitation, linear-polarization has also been used to demonstrate switchable and unidirectional SPP generation, which shows the advantage of ease of integration as no quarter-wave plate is involved [88] . Here we would like to highlight a GSP-based metacoupler that is capable of efficiently converting incident light with arbitrary polarization into SPPs propagating in orthogonal directions. The metacoupler consists of GSP resonators arranged in a periodic manner, thereby producing two independent orthogonal linear phase gradients for reflected fields in both x-and y-polarizations, which can compensate the momentum mismatch between the PWs in free space and bounded SPPs. As shown in Fig. 7(a) , the basic GSP meta-atom is composed of topmost gold nanoantennas and an 80-nm-thick continuous gold film, separated by a 50-nm-thick SiO 2 insulating layer. In the experiment, 6 × 6 supercells were fabricated to form the 2D-periodic linear-polarization-sensitive SPP coupler operating at telecom wavelength [ Fig. 7(b) ]. Fig.  7 (c) displays the recorded images from leakage radiation microscopy (LRM) at the design wavelength of λ = 1500 nm, indicating the linear-polarization-controlled excitation of SPPs with a high directivity. By integrating the LRM images, the coupling efficiency for both polarization was found to be ~ 25%, which is a little lower than the predicted value of 40%. For both polarizations, almost all the SPPs power goes in the designed direction and the measured directivities are more than 150. Since the phase response of GSP metasurface is broadband, such polarization-controlled metacoupler can work over a wide spectrum ranging from 1500 nm to 1600 nm with reasonable performance. Very recently, this type of linear-polarization-controlled SPP coupler has been combined with spin-controlled coupler to realize an in-plane polarimeter, where the incident light is converted into SPP waveguide modes propagating to six different directions [89] . By integrating the coupling efficiency of SPP wave modes in the predefined six directions, the polarization state of incident light can be determined.
IV. MULTIFUNCTIONAL METACOUPLERS BEYOND
UNIDIRECTIONAL SPP EXCITATION In the previous sections, the unidirectional SPP metacouplers are designed only for the single functionality of SPP launching in desired directions, not quite reaching the goal of integration and miniaturization in plasmonics and microwave systems, which requires integrating multiple diversified functionalities into a single compact device. Therefore multifunctional metacouplers beyond unidirectional SPP excitation have become an emerging research area. In this section, we will review some of the recent progress in multifunctional metacouplers possessing distinct functionalities, one of which is related to unidirectionally generate SPPs in the near field.
A. Linear-Polarization-Controlled Bifunctional Metacouplers
As a good example, Fig. 8 (a) and 8(b) schematically shows the first demonstration of a reflective multifunctional metacoupler possessing two distinct functionalities of simultaneous focusing and PW-to-SW conversion in the microwave regime. Similar to the linear-polarization-controlled SPP excitation [88] , this reflective bifunctional microwave metasurface uses strongly anisotropic MIM structure as the basic meta-atom, which provides arbitrary phase and amplitude control over the reflected light under the excitation of linearly-polarized wave [90] . By carefully adjusting the geometrical parameters of each meta-atom, the certain metasurface to achieve special wavefront control can be accordingly designed, which exhibits desired linear-polarization-dependent phase profiles [i.e., φ xx (x,y) and φ yy (x,y)] on the 2D x-y grid. Fig. 8 (a) and 8(b) displays the hyperbolic phase and the linear phase profile for the y-polarized and x-polarized incident wave, respectively. When a y-polarized microwave at the design frequency of f = 9.3 GHz is normally incident on the sample, the incoming plane wave will be reflected and focused to a focal point at f = 94 mm, which matches well with the theoretical design (f = 90 mm), as shown in Fig. 8(c) . At the focal point, the EM field is strongly enhanced. Additionally, the good performance of focusing is sustained in the frequency range of 8.4 -11.2 GHz, where the focal-spot size varies in the range of 31 -37 mm and the focal length changes between 86 and 115 mm. Since the loss in microwave range is rather low, the working efficiency of this meta-lens, which is defined by the ratio between the powers confined in the focal spot and carried by the incident beam, surpass ~ 90.8% at the designed working frequency of f = 9.3 GHz. Once the incident light is switched to x-polarized, the phase gradient ξ x along the x-direction supplied by the gradient metasurface is larger than free-space wavevector k 0 and can be perfectly matched with the wavevector of the eigen spoof SPPs supported by the designed mushroom structure [66] . Thus the driven SWs on the metacoupler can be effectively guided out and propagate over the mushroom structure. The measured near-field pattern represents a very well-defined spoof SPP with k SPP = 206.5 m −1 , which is in good agreement with the theoretically calculated value of k SPP = 209.4 m −1 [see Fig.  8(c) ]. More importantly, the absolute PW-SW conversion efficiency is measured to be about 90%, which is in good agreement with the simulation value of 92%.
While metacouplers possessing dual-functionalities of unidirectional PW-SW conversion and free-space wavefront shaping have been successfully demonstrated in the microwave region, it is highly-desired to realize similar metacouplers working in the optical range, which may have the great potential applications in realistic plasmonic and photonic integration. Very recently, a visible bifunctional GSP metasurface that enables simultaneous polarization-controlled unidirectional SPP excitation and beam steering at normal incidence has been proposed and demonstrated [91] . As shown in Fig. 9 , the proposed visible bifunctional metacoupler possesses two different linear phase-gradients (i.e., ζ x and ζ y ) along the same direction (i.e., x-direction) in respective two linear polarizations, thereby allowing for efficiently converting x-polarized radiation into SPPs supported in the plasmonic interface and anomalously steering the reflected light for y-polarization simultaneously. In this regard, the reflection phase-gradient for x-polarization is equal to the wavevector of excited SPPs bounded on the air-dielectric-metal interface (i.e., ζ x = k SPP ), while the phase-gradient is smaller than the wavevector of propagating light in free space when the incident light is y-polarized (i.e., ζ y < k 0 ). Specifically, the supercell is composed of six anisotropic GSP elements [gray area in Fig.  9(a) ], which provides a 4π phase span with a constant phase shift of 2π/3 between the neighboring elements for x-polarization. However, the supercell provides only a 2π phase span for y-polarization. As such, the proposed visible bifunctional GSP metacoupler functions as phase grating with different periodicities respect to the incident linear polarizations along the x-direction. Fig. 9(b) displays the SEM image of the fabricated three-component device for SPP excitation, which consists of the SPP metacoupler in the center and two identical decoupling gratings on the right-and left-side for out-coupling the SPPs into free space photons. In the experiment, a tightly-focused x-polarized Gaussian beam with the beam waist of w = ~ 2 μm was incident on the SPP metacoupler. After optimizing the position of the incident beam, the coupling efficiency of the right-propagating SPPs was maximized, resulting in high-efficiency unidirectional SPP excitation. It's remarkable that unidirectional excitation of SPPs was observed in a broadband wavelength range from 600 to 650nm, in which the averaged coupling efficiency C r is larger than 25%, shown in Fig. 9(b) . Additionally, the measured extinction ratio ER surpasses 20 dB in the investigated spectral range of 600 -650 nm. Besides the unidirectional SPP excitation for normally incident light polarized in the direction of the phase gradient, the designed metacoupler functions as an efficient beam-steerer when the normally incident light is polarized perpendicularly to the phase gradient direction. From Fig. 9 (c), one can clearly see that most of the light is anomalously routed to the +1 diffraction over a wide spectrum range of 580 -700 nm with the corresponding steering angle varied from 30.6 to 37.9, demonstrating the broadband steering for y-polarized light.
B. Spin-controlled Integrated Near-field and Far-field Optical Metacoupler
To further extend the functionalities of SPP metacouplers, a spin-controlled integrated near-field and far-field optical launcher has been proposed by Fang and co-works, which is capable of unidirectional launching SPPs in near-field and focusing scattered far-fields simultaneously [see Fig. 10(a) ] [92] . The metacoupler consists of an array of subwavelength nanoslits with different orientations in gold film, which can generate locally PB-phase required to integrate the optical near-field and far-field functionalities in a single device under the CP incidence. Since the sign of the PB-phase is determined by the spin state of the incident CP light, the SPP propagating direction and the real/virtual focus of the far-field scattering can be manipulated by the spin of the incident light [30] . Fig. 10(b) shows the measured optical near-field intensities by using SNOM, manifesting the switchable unidirectional SPPs launching with the opposite CP incidence with different spins. Once the incident light is switched from LCP to RCP, the unidirectional propagation direction of generated SPPs will be altered from right-side to left-side. The estimated extinction ratios are found to be about 8 and 14 for the LCP and RCP incidences, respectively, which are in good agreement with the simulated values of 22 and 18.2, indicating the excellent performance of unidirectional SPP excitation. Apart from controlled SPPs excitation in the near-field, the proposed dual-functional metacoupler can work as a spin-controlled metalens, which possesses switchable real/virtual focus in the far-field. A real (virtual) focus at the transmitted (incident) side along the principal axis of light propagation with z = 20 μm (z = −20 μm) is clearly observed for LCP (RCP) incidence in Fig.  10(c) , consistent with the previously demonstrated dual-polarity metalens based on PB-phase. Here it should be pointed out that the designed dual-functionalities do not interact with each other and each function maintains good optical performance.
V. CONCLUSION AND OUTLOOK
To summarize, we have briefly reviewed the recent achievements in the specific domain of gradient metasurface-based applications that is pertained to unidirectional SPP metacouplers. We have also outlined the general physics of phase discontinuities and generalized Snell's law, the basic concepts of metacouplers, the implementation of polarization-controlled tunable SPP metacouplers and multifunctional metacouplers that feature functions beyond the unidirectional SPP excitation.
Owing to the unprecedented capability of manipulating both the PWs and SWs and rapid developments in the area of metasurfaces, SPP metacouplers could further be developed progressing farther and beyond the status presented in this review article. Below we would like to mention some future directions in the field of metasurface-based SPP couplers.
(1) Metacouplers with 100% efficiency: Although numerous excellent examples of high-efficiency metacouplers have been demonstrated so far, the practical efficiency that could reach is still limited, especially at optical range, essentially because the excited SW propagates along the metacoupler surface and inevitably scatters out of the surface plane. Recently, several groups have proposed new strategies to steer an incident beam to an arbitrary direction with 100% efficiency by using properly-engineered bianisotropic meta-atoms [93] , [94] or strong nonlocal metasurfaces [95] . We expect that this approach can further be extended aiming to achieve the PW-to-SW transformation with unitary efficiency. Another possibility would be to use artificial intelligence based algorithms, such as deep learning, to design and optimize the metacouplers in a reverse way [96] , [97] .
(2) Metacouplers enabling direct control over SPPs: In addition to efficiently launching SPPs from PWs, metasurfaces have also been widely used to control the wavefront of SPPs [98] - [103] . For example, spin-controlled SPP focusing has been achieved by PB-phase metasurface composed of apertures in metallic film, which suffer from low-efficiency [100] , [101] . To increase the efficiency, Sun and co-works used a gradient-index metasurface slab on top of a plasmonic surface to reshape the wavefronts of the incident SPPs with the efficiency of SPP-steering reaching as high as ~70% [104] . Owing to the integration compatibility, > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 9 SPP metacouplers may find their use in high-performance, compact and integrated plasmonic circuits.
